In this paper, we present a case study from Sichuan Basin, Southwest China of fracture detection using seismic attenuation attributes from prestack azimuthal gathers integrated with geology information and poststack attributes. The target layer of the study area is mainly composed of limestones. To characterize the macro-scale fractures, we study the fracture characteristics from core samples, well testing data, lithology inversion, and poststack seismic attributes such as coherence and curvature. We also focus on the azimuthal prestack data analysis and inversion to obtain the attenuation attributes correlated with the meso-scale fractures. The integrated interpretation of lithology, fracture density and orientation revealed that fractures are widespread and regularly distributed in the study area. The results are consistent with results of core and log analysis at the well locations, which extends our knowledge of the fracture distribution in the limestone reservoir.
Introduction
Unconventional hydrocarbons have attracted much interest in recent years, including shale gas, tight oil etc. Tight oil resources are abundant in many basins in China. For Jurassic formations, there is a large accumulation of tight oil resources in the Sichuan basin; these are mainly limestone reservoirs, and fractures provide the main store spaces and migration path for hydrocarbons. Therefore, fracture estimation using seismic data is an important task for reservoir characterization and development.
Fracture estimation is very complex work, encompassing the use of seismic, core, well log and outcrop geological data with an integrated workflow to reduce uncertainty (Xu et al., 2010) . It is known that seismic fracture estimation is an economical way to characterize fractured reservoirs (MacBeth and Li 1999; Gray et al., 2002) . For seismic wave propagation, theoretically, the fracture reservoir is commonly modelled as an anisotropic medium whose symmetry depends on the fracture orientation. Moreover, the prestack reflection amplitude at the top of the fracture reservoirs often shows an elliptical variation in the horizontal plane, i.e., azimuthal anisotropy. And the azimuthal amplitude and travel time attributes can be used to determine the fracture density and direction (Xu et al. 2010) .
In this paper, the main aim is to study the fractured limestone reservoirs in the Sichuan Basin of Southwest China to improve tight oil extraction. We use the seismic attenuation attributes derived from azimuthal prestack gathers, which are mainly related to the meso-scale fractures according to numerical modelling by Wang et al. (2013) . Our proposed workflow includes geological core sample description, parameter testing, lithology inversion, analysis of poststack seismic coherence and curvature attributes, analysis of azimuthal prestack attenuation attributes and inversion, as shown in Figure 1 . Figure 2a shows a core sample with high angle factures. Figure 2b illustrates the fracture density statistics for all core sample, showing that fractures with different angles are developed for different types of lithology. For our limestone target, there were mainly high-angle fractures resulting in an effective medium with horizontal transverse isotropy (HTI) for seismic wave propagation. Figure 3a shows the P-wave velocities measured from the core samples in the study area. The P-wave velocity varies between 4500-5500m/s, which is slightly lower than in pure limestone. This velocity variation is also consistent with the P-wave velocities obtained from the sonic logging curves as shown in Figure 3a . From the core slice descriptions, we found that the reduced velocity is caused by the shale and micro-fractures in the limestone as shown in Figure 3b . 
Figure 1 Diagram showing integrated fracture estimation with geology and seismic interpretation and inversion.

Core description and parameter testing
Seismic inversion and fracture estimation
Firstly, according to the core sample parameter evaluation, we invert the limestone thickness based on the P-wave impedance. In the inversion process, the lithology classification is calibrated using the Pwave velocities from core measurements and sonic log data. Figure 4a shows cross sections of inverted impedance and limestone formation thickness in the study area. The sections indicated that the target limestone formation has a stable deposition environment with lateral continuity between wells. Figure 4b marked by dark dots. The maximum thickness is about 20m as shown by the red area, where a number of wells are located. However, these wells are not the best production wells according to the production data. This is because there is a lack of fractures in this area as the limestone formation is too thick for fracture growth. Therefore, fracture estimation using seismic data is important for characterizing these limestone reservoirs. Finally, we invert the prestack attenuation attributes obtained from the prestack azimuthal gathers. The prestack estimation result is shown in Figure 5b which shows different characteristics from the poststack attributes in Figure 5a , and the fractures in Figure 5b are not clustered around the five fault zones. Therefore, we argue that the fracture estimation using the prestack attenuation attributes represents mainly the meso-scale fractures which are larger than the rock grains and but much less than the seismic wave length.
In Figure 6a , we superimpose the poststack attributes in grey with the prestack attributes in color. The fracture direction inverted from the prestack gathers is shown in Figure 6b . Rose diagrams of the fracture directions derived for two well locations are shown in Figure 7a , which is consistent with the fracture direction estimated from image logs, as shown in Figure 7b . The two figures indicate that the primary fracture direction is northwest and southeast, with a few fractures showing northeast and southwest.
Conclusions
We have presented an integrated workflow for fracture estimation and a case study using core, log and P-wave seismic data. The fractures are mainly high-angle and the fractured zones did not correspond to the zones of maximum thickness of the limestone formation. The fractured limestone shows a decrease in P-wave velocity due to the presence of shale and micro-fractures. We have also confirmed that the poststack attributes are mainly representive of the macro-scale fractures, and the meso-scale fractures are represented by the attenuation attributes from prestack azimuthal gathers. However, careful prestack azimuthal seismic data processing may be required to preserve the attenuation information in the gathers.
